Word count 243 Total Word Count: 5,765
IMPORTANCE
Viruses have evolved a variety of strategies to succeed in a hostile environment. The HSV immediate early protein ICP22 plays several roles in the virus life cycle including down-regulation of cellular gene expression, up-regulation of late viral gene expression, inhibition of apoptosis, prevention of aggregation of non-native proteins and the recruitment of a cellular heat shock protein, Hsc70, to nuclear domains. We present evidence that ICP22 resembles a cellular Jprotein/HSP40 family co-chaperone, interacting specifically with Hsc70. This is the first known example of the acquisition of a complete J-like protein by a virus and suggests that HSV has evolved to manipulate the host proteostatic machinery during the establishment of lytic infection.
INTRODUCTION
Cells have evolved elaborate homeostatic mechanisms to recognize and respond to environmental and other forms of stress, including viral infections. The cellular protein homeostatic (proteostatic) machinery involves a balance between protein folding carried out by molecular chaperones (heat shock proteins) and protein degradation carried out by the ubiquitin proteasome system (UPS) (1) . The proteostatic machinery prevents the accumulation of misfolded proteins (2) ; however, when this machinery is overwhelmed, misfolded proteins accumulate in cytoplasmic and/or nuclear inclusions, called aggresomes (5, 6) . Infection with the alphaherpesvirus HSV-1 results in the drastic spatial reorganization of components of the proteostatic machinery into VICE (Virus Induced Chaperone Enriched) domains that contain Hsc70 and other molecular chaperones, ubiquitin and components of the UPS (5) (6) (7) . VICE domains resemble nuclear aggresomes in that they both contain components of the proteostastic machinery (6) .
The most well-conserved and ubiquitous heat shock proteins (Hsps) are members of the HSP70 family. These proteins mediate folding of nascent protein chains, reduce toxicity of aggregation prone proteins and help assemble multi-protein complexes (12, 13) . The prototype member of the HSP70 family is the heat-and stress-inducible chaperone, Hsp70, while the constitutively expressed version is Hsc70 (10) . In addition to their shared roles in proteostasis, Hsc70 and Hsp70 have evolved separate and distinct roles (11) . Hsc70 but not Hsp70 is required for chaperone-mediated autophagy (CMA) (12, 13) and clathrin-mediated endocytosis (CME) (14, 15) . Interestingly, CMA has been implicated in MHC class II presentation of viral antigens (16, 17) and clearance of viral pathogens (18) , thus implicating Hsc70 in antiviral mechanisms. It is possible that recruitment of Hsc70 into VICE domains during HSV-1 infection may have evolved in part to counteract these antiviral mechanisms.
HSP70 family members work together with obligate partners called J-proteins, which are members of the HSP40 family of co-chaperones (19) . During protein folding, J-proteins interact with and stimulate the ATPase activity of their HSP70 partners and provide substrate specificity (20, 21) . An important function of HSP70/HSP40 complexes is to reduce toxicity of aggregationprone proteins such as those implicated in neurodegenerative diseases (22, 23) . In addition to their ability to recognize and fold non-native proteins, HSP40/HSP70 complexes have been shown to play critical roles in a myriad of cellular processes including regulation of gene expression and cell cycle control (24, 25) . J-proteins are highly adaptable, and humans have evolved to encode almost 50 different J-proteins that are capable of interacting with a diverse set of client proteins (26, 27) .
Cellular chaperones can be commandeered by viruses to facilitate folding of proteins, viral entry and nuclear transport of viruses and viral proteins (28) . In addition to hijacking cellular proteostatic machinery for its own benefit, HSV-1 encodes proteins that resemble cellular chaperones. For instance, UL14 possesses a substrate-binding domain homologous to Hsp70 and has been shown to facilitate nuclear translocation of viral proteins (29) . Another viral protein, UL32, acts as a redox-sensitive chaperone that regulates disulfide bond formation during viral assembly (30) .
The HSV-1 immediate early protein ICP22 plays several seemingly diverse roles in the virus life cycle and is essential in most but not all cell lines (31, 32) . ICP22 is essential for the recruitment of Hsc70 into VICE domains in HSV-infected cells (33) . In addition to its ability to influence the host protein quality control machinery (6, 33) , ICP22 is required for late viral gene expression in non-permissive cell lines (31, 32, 34) , modification of RNA pol II (35) (36) (37) (38) (39) and cell cycle regulation (40) (41) (42) . In this paper, we test the hypothesis that ICP22 plays a chaperone-like function during HSV-1 infection.
RESULTS

During HSV infection, ICP22 localizes to discrete nuclear foci that subsequently recruits
Hsc70
In the absence of stress, Hsc70 localizes in a pan-diffuse pattern throughout the cell; however, following heat shock and other forms of stress, it enters the nucleus and localizes to the nucleolus (43) . During HSV infection, Hsc70 relocalizes into VICE domains in an ICP22-dependent fashion, (33) . In order to determine the localization pattern of ICP22 in relation to Hsc70 as infection progresses, we made use of a plasmid expressing FLAG-tagged ICP22 (FLAG-ICP22) (35) and a viral mutant in which FLAG-tagged ICP22 has been introduced into the HSV genome (TF22) (38) . Vero cells were infected with TF22, and Hsc70 and ICP22 localization was monitored as a function of time. In the experiment shown in Figure 1A , at 2 hours post infection (hpi), ICP22 was pan-nuclear, and Hsc70 was predominantly localized to the nucleolus, which is consistent with a response to the stress of viral infection. By 4 hpi, ICP22 was localized in numerous brightly staining foci and in replication compartments. On the other hand, at 4 hpi, some Hsc70 localized in domains that resemble replication compartments, some remained in the nucleolus and only a small fraction was colocalized with ICP22 in discrete foci. VICE domains were initially defined as Hsc70-staining foci that could be observed at 6 hpi (6) . In this experiment, at 8 hpi ICP22 was localized in discrete foci that resemble VICE domains because they co-stain with Hsc70 and are adjacent to replication compartments ( Figure 1A) . Thus, by 6-8 hpi, Hsc70 and ICP22 colocalize in VICE domains. At 16 hpi VICE domains were larger and fewer in number than those seen at 8 hpi. These results indicate that although ICP22 could be observed in discrete foci by 4 hpi, most Hsc70 is not recruited to these domains until 6-8 hpi. The ICP22 foci seen at 4 hpi are consistent with previous reports of ICP22-containing nuclear bodies in WT-infected cells (33, (44) (45) (46) . They also resemble nascent protein domains (NPDs) that result from the rapid accumulation of newly synthesized proteins in HSV-infected cells and progressively recruit Hsc70, 2 hours after their initial formation (47) .
Hsc70 co-immunoprecipitates with ICP22
We next tested whether the progressive recruitment of Hsc70 to ICP22 foci was a result of a physical interaction between ICP22 and Hsc70. Vero cells were infected with TF22 expressing a FLAG-tagged version of ICP22 or the null virus, d22LacZ. Analysis of whole cell lysates by immunoblotting indicated that the infected cells expressed the immediate-early protein ICP4 and comparable amounts of Hsc70 ( Figure 1B, lanes 1 and 2) . When anti-FLAG monoclonal antibody was used to precipitate whole-cell extracts, FLAG-tagged ICP22 was successfully pulled down in TF22-but not d22LacZ-infected cells ( Figure 1B , lanes 3 and 4, respectively). Hsc70 was pulled down from TF22-but not d22lacZ-infected cells ( Figure 1C , lanes 3 and 4, respectively), consistent with a physical interaction between ICP22 and Hsc70. Although previous attempts to pull down Hsc70 with ICP22 were unsuccessful (33) , in this study we were able to detect an interaction by reducing the stringency of the buffer making it easier to capture the interaction.
Nuclear aggresomes formed in HSV-infected cells recruit Hsc70 in an ICP22-dependent fashion
Aggregation-prone misfolded proteins have been reported to accumulate in cytoplasmic and/or nuclear aggresomes that also contain chaperones such as Hsp70 (3, 48) . This phenomenon has been studied in cells transfected with aggregation-prone mutant proteins such as GFP170* (GFP170*), a truncated version of the Golgi complex protein 170 fused to GFP. In GFP170*transfected cells, nuclear and cytoplasmic aggresomes were observed that contained the aggregated protein, Hsp70 and a J-protein partner for Hsp70, HdJ2 (49) . Under these conditions, Hsp70 but not Hsc70 was recruited to the nuclear and cytoplasmic aggresomes. Interestingly, when this transfection experiment was performed in the context of HSV infection, we found that Hsc70 was recruited, but only to nuclear aggresomes. In the experiment shown in Figure 2 , mock-, WT HSV-or d22lacZ-infected Vero cells were transfected with a plasmid expressing GFP170*.
In mock-infected cells, nuclear and cytoplasmic aggregates were observed that contained Hsp70 ( Figure 2 , top-panel). Under these conditions Hsc70 staining was diffuse throughout the cell indicating that Hsp70 but not Hsc70 was recruited to aggresomes, consistent with previously reported results (49) . In HSV-infected cells transfected with GFP170*, however, the aggregated protein and Hsp70 colocalized in nuclear and cytoplasmic aggresomes. Interestingly, Hsc70 was found to localize in nuclear aggregates (Figure 2 , middle-panel), suggesting that in infected cells, Hsc70 is specifically recruited to nuclear aggresomes. On the other hand, in d22LacZ-infected cells transfected with GFP170*, nuclear aggresomes were not observed and cytoplasmic aggresomes were seen that contain Hsp70 but not Hsc70 (Figure 2 , bottom-panel). These results indicate that when ICP22 is present, nuclear aggresomes form that can specifically recruit Hsc70.
This behavior is reminiscent of cellular J-proteins known to recruit their partner chaperones (50) (51) (52) . The ability of ICP22 to specifically recruit Hsc70 to nuclear aggresomes is of particular interest in light of recent reports that cytoplasmic aggresomes can be deleterious to cells, while nuclear aggresomes are cytoprotective (53, 54) .
ICP22 is sufficient to recruit Hsc70 to nuclear aggresomes in transfected cells
The experiments shown in Figure 1 and 2 are consistent with the notion ICP22 may be capable of performing a J-like function during infection. To determine whether ICP22 alone is sufficient to relocalize Hsc70 in the absence of infection, we transfected cells with Flag-tagged ICP22. Mocktransfected cells exhibited a pan-diffuse staining pattern for Hsc70 ( Figure 3A Next we examined Vero cells transfected with GFP170* and FLAG-ICP22. As shown above in Figure 2 , in cells transfected with GFP170* alone, Hsc70 was present in a pan-diffuse staining pattern. On the other hand, in the presence of ICP22, Hsc70 and GFP170* colocalized in large nuclear inclusions that are larger than those seen in the absence of the misfolded protein (compare Figure 3B and Figure 3A , bottom-panel). Interestingly, ICP22 appeared to form a shell around the misfolded protein and Hsc70 ( Figure 3B and Figure S1 ). In Figure 3B , the shells of ICP22 surrounding GFP170* were more distinct. Although these large inclusions do not resemble the VICE domains seen in infected cells, we suggest that the ability of ICP22 to induce the formation of inclusions around a misfolded protein reflects an intrinsic J-protein-like property of ICP22. This behavior is reminiscent of nucleophosmin1 (NPM1), a multifunctional chaperone-like protein reported to function in the nucleus to shield the interactive surface of potentially toxic protein aggregates (54).
As mentioned above, HSP40/HSP70 complexes are known to reduce toxic cytoplasmic aggregation in cells transfected with misfolded proteins (52, 55) . The J-protein DNAJB1 has been shown to facilitate the transport of toxic cytoplasmic aggresomes to the nucleus (50, 51) . We next asked whether ICP22 alone is sufficient to reduce cytoplasmic aggregation in a cell transfected with the aggregation-prone protein GFP170*. Cells were transfected with a plasmid encoding GFP170* only or both GFP170* and FLAG-ICP22. A field view of cells transfected with GFP170* alone shows that most of the aggresomes were detected in the cytoplasm, with a few cells containing small nuclear aggresomes marked with white arrows ( Figure 4A , top panel). On the other hand, in cells transfected with GFP170* and ICP22 ( Figure 4A , bottom panel), most of the aggresomes were localized in the nucleus, and these aggresomes were larger than those observed in cells transfected with GFP170* alone in the absence of ICP22. These results were quantified as shown in Figure 3C by categorizing transfected cells according to presence or absence of robust cytoplasmic aggregates (as depicted in Figure 3B , top). Approximately 90% of the cells transfected with GFP170* contain robust cytoplasmic aggregates, compared to 15% of cells transfected with GFP170* and ICP22 ( Figure 4B ). Thus, ICP22 expressed alone by transfection is sufficient to reduce cytoplasmic aggregation. The ability of ICP22 to specifically recruit Hsc70 to nuclear aggresomes is of particular interest in light of recent reports that cytoplasmic aggresomes can be deleterious to cells (53, 54) . On the other hand, nuclear aggresomes are thought to be cytoprotective (54) . We suggest that that ICP22 facilitates the intranuclear sequestration of aggregated or misfolded proteins as a protective mechanism consistent with properties of other cellular J-proteins.
ICP22 confers protection against heat-inactivation of firefly luciferase
In addition to aggresome formation and reduction of toxic cytoplasmic aggregates, Jprotein/HSP70 complexes interact with other chaperones to extend their functionality during proteostasis and often exist within larger chaperone complexes. For instance, a complex containing Hsp40, Hsc70 and Hsp110 (member of the HSP70 family) has been implicated in the protection of cells from heat stress (thermoprotection) (56) . In addition, Hsc70 alone has been previously shown to provide protection to proteins against heat inactivation in vitro (57) . We made use of a plasmid expressing FlucDM-EGFP, a firefly luciferase mutant that can act as a sensor for heat stress and is specifically dependent on Hsc70 for folding and refolding (58) .
In order to determine how ICP22 affects luciferase following heat stress, HEK293T cells were cotransfected with plasmid expressing FlucDM-EGFP alone or with Hsc70, Hsp40 (DNAJB1) or FLAG-ICP22, treated with cyclohexamide to inhibit protein synthesis and treated at 45 C for either 30 min or 1 hr ( Figure 5A ). Under these conditions, the heat stress would be expected to unfold and inactivate luciferase (58) . Luciferase activity was measured after heat shock and normalized to non-heat shocked samples (representing folded luciferase). The normalized activity was plotted as % luciferase activity ( Figure 5B ). When transfected cells were heat shocked at 45°C for 30 min, the specific activity of luciferase was decreased to 35% in cells transfected with FlucDM alone or in cells transfected with FlucDM and Hsp40. However, in cells transfected with FlucDM and either Hsc70 or ICP22, almost 100% of the specific activity of luciferase was retained, indicating that the expression of Hsc70 or ICP22 provided resistance to damage or unfolding of the luciferase. In cells treated for 1 hr at 45°C, transfection with Hsc70 or Hsp40 did not confer significant protection, 15% and 6% respectively. However, transfection with ICP22 resulted in the retention of 50% of the specific activity of luciferase, indicating that ICP22 was able to significantly protect luciferase from heat-induced inactivation.
The sequence of ICP22 resembles that of class II J-proteins
The ability of ICP22 to recruit Hsc70 to VICE domains, interact with Hsc70, affect the localization of misfolded proteins and confer thermoprotection strongly suggests that ICP22 can function as virally encoded J-like protein. The hallmark of cellular J-proteins is the presence of a J-domain responsible for interacting with an HSP70 family partner (19) . Approximately, 50 different human J-proteins have been described and are reported to fall into three subclasses (59) . A sequence alignment between ICP22 and a prototypical Class II J-protein family member, DNAJB1, revealed some intriguing similarities. Class II J-proteins contain an N-terminal J-domain, a glycine/phenylalanine-rich domain (G/F-rich linker domain) and a C-terminal substrate binding domain (21) . ICP22 contains all three conserved regions: a J-domain (residues 1-76) that exhibits 49% sequence similarity and 22% identity with the DNAJB1, a G/F linker domain (residues 77-180), and a C-terminal substrate binding domain (CTD, residues 180-361) that exhibits 72% sequence similarity and 21% identity to the substrate binding domain of DNAJB1 ( Figure 6 ). Type II J-domains generally contain a highly conserved HPD (His-Pro-Asp) motif, critical for stimulation of the ATPase activity of their HSP70 partners (60, 61) . Interestingly, ICP22 lacks this conserved motif, suggesting that it may have evolved to recruit Hsc70 but not stimulate its ATPase activity.
Because of the lack of the HPD motif, ICP22 will henceforth be referred to as a J-like protein.
Similar to other J-proteins, the CTD of ICP22 contains two conserved regions the putative CTDI (residues 180-257) and CTDII (residues 257-361) ( Figure 5 ) (62) that overlap with regions of ICP22 required for regulation of gene expression (37, 63) . ICP22 residues 193 to 256 have been implicated in inhibition of host gene expression as well as interaction with CDK9 (39) . Residues 240 to 420 are required for promotion of late gene expression (36, 38) . These functional domains 193-256 and 240-420 overlap CTDI and CTDII, respectively, suggesting that the ability of ICP22 to regulate gene expression and cell cycle is mediated by chaperone-like functions, perhaps reflecting its ability to interact with a diverse set of client proteins.
If ICP22 is a J-like protein and interacts with Hsc70 as suggested above, we reasoned that it may be possible to model the ICP22:Hsc70 interaction based on the known structure of a well-studied HSP40/HSP70 complex from E. coli, DNAJ-DNAK. A homology model of the ICP22 J-domain ( Figure 7B ) with human Hsc70 was constructed based on the assumption that the overall fold would resemble that of E. coli DNAJ-DNAK (PDB ID: 5NRO) ( Figure 7C ). This model is consistent with the previous demonstration that the region of ICP22 responsible for recruiting Hsc70 to VICE domains resides within the N-terminal 1-146 residues (33) . According to the model, three positively charged ICP22 residues (K14, R17 and R35) in this region are predicted to be buried inside a cavity within Hsc70 ( Figure 7C ). This may indicate that the interface between ICP22 and human Hsc70 involves electrostatic interactions. Efforts to test whether R17 and other residues predicted to contact Hsc70 are essential for ICP22's putative chaperone functions. We are intrigued by the behavior of a mutation with a single amino acid change in this region (S34A) adjacent to the R35 residues predicted to be at the interaction interface. The S34 mutant was reported to affect the virulence of HSV-1 in mice (66) . Taken together with the experimental data presented in this paper, the sequence conservation and homology modeling support the notion that ICP22 has evolved as a J-like protein that recruits Hsc70.
DISCUSSION
J-protein/HSP70 complexes function in a variety of different ways to promote protein quality control including folding and unfolding of nascent proteins, sequestration and degradation of aggregation-prone proteins and reduction of toxic aggregates from the cytoplasm (52, 53, 55) . In addition, it is becoming clear that J-proteins can play even more specialized roles in processes such as regulation of gene expression and cell cycle (36, 37, 41, 67) . In this paper, we present several lines of evidence supporting the notion that ICP22 functions as a virally encoded J-like protein that recruits Hsc70: 1) By 2hr post infection, ICP22 localizes to discrete nuclear foci that subsequently recruit Hsc70. 2) ICP22 was immunoprecipitated with Hsc70, suggesting a physical interaction. 3) In HSV-infected cells transfected with an aggregation-prone protein (GFP170*), Hsc70 was specifically recruited to VICE domains in an ICP22-dependent fashion. 4) In cells transfected with ICP22, small nuclear inclusions that contain Hsc70 were observed, suggesting that ICP22 is sufficient to relocalize Hsc70 when expressed alone. In the presence of an aggregation-prone protein, both Hsc70 and the aggregation-protein protein were recruited to larger nuclear inclusions in which ICP22 appeared to form a shell around the misfolded protein. Figure 7 ). This is the first known example of the acquisition of a complete J-like protein by a virus and suggests that HSV has taken advantage of the adaptable nature of J-proteins to evolve a multi-functional co-chaperone that functions with Hsc70 to promote lytic infection.
ICP22 recognizes and sequesters aggregation-prone proteins and provides thermoprotection
We have previously reported that in HSV-1-infected cells, Hsc70 is recruited to VICE domains by 6 hpi (6) . In this paper, we show that ICP22 localizes to nuclear bodies at least 2 hours before the recruitment of Hsc70. The formation of ICP22 nuclear bodies may reflect the ability of ICP22 to recognize non-native protein substrates and form domains that can later recruit Hsc70 (VICE domains). This is reminiscent of the observation by Teo et al that ICP22 was recruited to nascent protein domains (NPDs) during the first two hours of infection and that Hsc70 was recruited to these domains approximately two hours later (47) . The ability of ICP22 to recognize non-native client proteins and subsequently recruit an HSP70 partner supports the notion that ICP22 is a Jlike protein (8) . Further support is provided by the ability of ICP22 when expressed alone by transfection to relocalize Hsc70 into small nuclear inclusions. Thus, even in uninfected cells, ICP22 can recognize and sequester non-native proteins. Much larger inclusions were observed in transfected cells that overexpress the aggregation-prone protein GFP170* along with ICP22.
Although these larger inclusions do not resemble VICE domains seen in infected cells, we suggest
that the ability of ICP22 to form a shell around an overexpressed misfolded protein reflects an intrinsic property of ICP22 to recognize and sequester non-native proteins. This behavior is reminiscent of the behavior of nucleophosmin1 (NPM1), a multifunctional chaperone-like protein that also forms shells around toxic protein aggregates (54) .
One of the most important cell protective functions of cellular J-protein/HSP70 complexes involves the sequestration of aggregation-prone proteins into aggresomes thereby facilitating their removal by the UPS or other clearance mechanisms (68) . Failure to degrade or remove misfolded proteins leads to the accumulation of cytotoxic aggregates that can be associated with neurodegenerative diseases (69) . Although aggresomes can be detected in either the cytoplasm or the nucleus, recent reports suggest that cytoplasmic protein aggregates are more toxic than those that accumulate in the nucleus by virtue of their ability to interfere with nucleocytoplasmic transport of protein and RNA (53, 54) . Interestingly, aggregates that were targeted to the nucleus were reported to be less toxic than cytoplasmic aggregates (53, 54) . It has recently been recognized that cellular J-protein/HSP70 complexes play important roles in the reduction of cytoplasmic aggresomes. For instance, the cellular J-protein DNAJB6a works in conjunction with Hsc70 to reduce the toxic cytoplasmic accumulation of polyQ peptides and increase the proportion of aggregated proteins in nuclear aggresomes (52) . The J-protein DNAJB1 has been implicated in the transport of misfolded proteins from the cytoplasm to the nucleus followed by degradation by the UPS (50, 51) . DNAJB1/Hsp70 has also been shown to work in conjunction with Hsp104, a member of the HSP100 family, to disaggregate misfolded proteins (69, 70) . The observation that ICP22 works in conjunction with Hsc70 to reduce the accumulation of cytoplasmic aggresomes (Figure 4) is consistent with its role as a J-like protein. It will be of considerable interest to determine the mechanism by which ICP22 reduces cytoplasmic aggregation and whether it acts alone or with other chaperones. Some chaperone complexes have the ability to confer protection against heat damage; however, most cellular J-protein/HSP70 complexes do not exhibit this function. The chaperone Hsp110, a member of the HSP70 family, in conjunction with HSP40 and Hsc70, has been implicated in protection of proteins from heat-inactivation (56) . In this paper, we report that transfection of ICP22 alone was able to provide protection against heat-inactivation of firefly luciferase ( Figure   6 ), and it will be of interest to determine whether ICP22 works in conjunction with Hsc70 or within a larger ICP22/Hsp110/Hsc70 complex to carry out this function. In any case, it appears that ICP22 has evolved the somewhat specialized function of thermoprotection.
Roles of ICP22 in HSV infection
In addition to interacting with the host protein quality control machinery, ICP22 plays several other roles in HSV infection. It is necessary for efficient viral replication and latency in mouse and guinea pig infection models and is required for viral growth in cell culture in most but not all cell types (31, 32, 67, 71) . ICP22 has been implicated in a wide-range of processes including gene expression, cell cycle control, viral assembly and nuclear egress (35, 40, 72, 73) . ICP22 has been shown to interact with and regulate the activities of several cellular proteins including RNA pol II, CDK9 and cyclins (35, 39, 42, 63, 67) . Additionally, ICP22 is required to recruit the FACT complex and other transcriptional elongation factors to viral genomes (74) . Thus, despite its small size (420 residues), ICP22 interacts with a diverse set of cellular and viral proteins and exhibits an impressive array of functions.
The robust program of HSV gene expression during infection would be expected to represent a burden to the cellular protein quality control machinery, and ICP22 may have evolved to help manage the consequences of translation of a large number of non-native cellular or viral proteins. This suggestion is supported by the observation that ICP22 localizes in the nucleus with nascent and misfolded proteins to form nascent protein domains (NPDs) that recruit Hsc70 (33, 47) . In addition, the ability to sequester nascent or misfolded proteins is cytoprotective (6), consistent with previous reports that implicate ICP22 in the prevention of apoptosis (75, 76) . It is perhaps not surprising that HSV has evolved to manage robust protein expression by taking advantage of a cellular chaperone such as Hsc70.
In this paper, we present the first report of a virus that has evolved a complete J-like protein with a N-terminal J-domain that recruits Hsc70 and a C-terminal substrate binding domain. Both the N-and C-termini of ICP22 are required for the stimulation of late-gene expression and for the manipulation of cell cycle (38, 40) , suggesting that the two domains of ICP22 act in a concerted fashion to execute its multiple functions. Sequence analysis in conjunction with homology modeling revealed similarities between ICP22 and type II J-proteins. Interestingly, ICP22 lacks the canonical HPD domain that is responsible for stimulation of the ATPase activity of Hsc70.
The lack of an HPD domain in ICP22 may suggest that the ICP22-Hsc70 complex in VICE domains does not stimulate protein folding directly, but, instead, may be important for cytoprotection and other diverse functions previously ascribed to ICP22 such as the recognition of a diverse set of client proteins to stimulate viral gene expression and regulate the cell cycle.
Interestingly, J-proteins that are not dependent on the presence of a canonical J-domain have been described, supporting the overall ability of J-proteins to evolve new capabilities (77) .
We are also intrigued by recent reports suggesting that the protein homeostatic machinery and Hsc70 in particular have been implicated in antiviral defense mechanisms such as aggresome formation, proteolytic degradation of viral proteins and autophagy (16, 17) . In addition to the management of nascent proteins and regulation of gene expression, the ability of ICP22 to relocalize Hsc70 into VICE domains in the nucleus may serve to prevent Hsc70 from carrying out antiviral activities elsewhere in the cell. Transfection: Vero cells were transfected using Lipofectamine reagent (Invitrogen, cat # 18324) according to manufacturer recommended protocol.
MATERIALS AND METHODS
Cells and Viruses
Infection: Infections were performed as previously described (6) .
Immunofluorescence experiments: After infection and/or transfection, the medium was aspirated and coverslips were processed as described previously (11) . Cells were left in heat shock buffer for 45min at 37°C, followed by heat shock at 45°C for 30 min or 1 h. To collect the samples, 1X Passive lysis buffer was added, and samples were frozen on dry ice and stored at -80°C. Luciferase activity was measured in 96 well plates using Steady-Glo Reagent (Promega, cat #E2510).
Imaging and analysis:
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